INTRODUCTION
The element fluorine occurs very widely as fluoride.
It is present in water, minerals, most foods and many plant and animal tissues.
It is of particular interest because of its inclusion in the list of elements believed to be essential for animal -life and also because of its toxic effects at higher concentrations.
In many parts of the world there is an inverse relationship between the fluoride content of drinking water and the amount of dental caries in the population and the fluoridation of public water supplies to a level of about 1 mg dm3 is now relatively common (ref.
1) .
However careful control of fluoride levels is required because high concentrations are known to cause mottling of the teeth and various bone disorders.
The presence of fluoride in industrial effluents must also be monitored because many plants are quite sensitive to fluoride while others are fluoride accumulators.
DISSOLUTION OF FLUORIDE
The literature contains numerous examples of methods used to obtain fluoride from plant materials.
They range from extraction with hot water to complete digestion or ashing and fusion of the ash with alkali.
Each is probably relevant for a particular type of material but it would be unwise to consider that each is in anyway universal in application. Jacobson, and his collaborators, who have organised many investigations into the determination of fluoride in plant materials report (ref.
2) "Despite improvement in speed and simplicity of fluoride analysis during the last decade, agreement between laboratories has -not improved because of the variety of methods and techniques in use, the inherent differences between methods, and, apparently, poor laboratory quality control".
For large numbers of samples, as in monitoring work, it is essential to have rapid methods which show trends under particular circumstances but these must be checked against recognised standard methods where the absolute level must be known with certainty.
McElfresh (ref.
3) extracted finely pulverised (passing 180 pm screen) potato tops with hot water and obtained fluoride levels consistent with those obtained by a standard method while Villa (ref. 4) reports a rapid dilute perchloric acid extraction method which has been modified by Vijan and Alder (ref. 5) .
However one of the more reliable and relatively widely used direct extraction procedures is that of Jacobson and Heller (ref. 6) who extracted fluoride from plant material by successive reaction with 0.05 nol dm3 nitric acid and then 0.05 mol dm potassium hydroxide.
This method is the basis of the Official First Action AOAC method (ref. 7) for fluoride in plant material. A rapid direct extraction method has also been used for the determination of fluoride in deboned meat. This method (ref. 8) , which correlates well with alternative ashing procedures, involves defatting the meat with hexane, homogenising the sample and decomplexing the fluoride with ethylenediaminetetraacetic acid.
Citric acid at pH 3.3 releases the fluoride in milk (ref. 9) and coagulates the protein to provide the solution suitable for analysis. Minerals such as phosphate which are soluble in acid are readily solubilised for fluoride determination (ref. 10) .
The determination of fluoride in tablets by direct solubilisation in aqueous solution has been the subject of a collaborative study (ref. 11) .
Ashing techniques, particularly those involving fusion with alkali, are less likely to give low results than direct extraction methods for plant materials but they are much more time consuming. Bock (ref. 12) reports that an ashing aid is not required providing the ash is alkaline as is the case with a wide range of plant materials, but fluoride is likely to be lost at ashing temperatures much above 550°C.
Also contamination can be a greater problem with ashing techniques due to the release of fluoride from ceramic furnace materials by pyrohydrolysis.
In a comparison of several analytical techniques (ref. 13 ) low temperature ashing with radiofrequency excited oxygen at 50-60°C was found to give the highest sensitivity and reproducibility.
In this case the ash was solubilised with dilute hydrochloric acid for analysis by an ion sensitive electrode procedure, but others using higher temperature ashing procedures find it necessary to fuse the ash with alkali (ref. 14) The method has been further developed by Sara and Wnninen (ref. 27 ) with a novel diffusion dish which enables the hexamethyldisiloxane saturated perchloric acid to be mixed with the sample solution after the dish is sealed.
However, although they recommend the addition of ethanol to the perchloric acid to increase the solubility of hexamethyldisiloxane when analysing compounds of higher fluoride content, this solution would seem to be potentially explosive.
The diffusion method has the added advantage that it will hydrolyse monofluorophosphate.
The hexamethyldisiloxane aided transferrence of fluoride has also been applied to large volumes of solution (ref. 28 ).
The fluoride is reacted with hexanethyldisiloxane in a distillation apparatus to form volatile fluorosilanes which are transferred at room temperature in a stream of nitrogen to an absorption vessel containing dilute alkali.
The fluorosilanes undergo rapid hydrolysis in alkali and estimation may be effected by any of the conventional methods.
Interference due to aluminium was effectively suppressed by adding phosphoric acid to the sample solution.
Distillation
The classical method for the separation of fluoride from interfering substances is the steam distillation method of Willard and Winter (ref. 29) .
However the method is slow, it requires extreme care and experience to keep the blank acceptably low and it is virtually impractical for very large numbers of samples. Many variations of this method will be noted.
The basic equipment is a Pyrex Claisen flask with the auxiliary neck sealed off close above the side arm (ref. This is the most successful of the ion sensitive electrodes and it has received wide acceptance to the stage where it is now uncommon to see alternative methods reported.
The electrode is available both as a single electrode to be used in conjunction with a calomel reference electrode or as a combination electrode with the reference electrode incorporated in an outer sheath of the electrode body.
Both designs give similar results. This reagent serves three functions, namely adjustment of the pH, the provision of a constant high ionic strength and release of fluoride from complexes. Adjustment of the pH to a constant value is required because the fluoride ion-sensitive electrode is responsive to changes in hydroxide ion concentration particularly at high pH.
A pH of 5.5 appears to be optimum for the determination of fluoride (ref. 41) .
At this pH there is little association as HF or HF and it is a value which is readily attained using an acetate or citrate buffer.
However waters of a relatively unpolluted nature and with adequate buffering, as is the case with seawater, do not require buffering (ref. 42) .
A second function of TISAB-solution is to provide a relatively high ionic strength to ensure that liquid junction potentials are minimised and to provide a constant ionic strength background thus minimising variations between samples and standards.
Most of the TISAB-solutions commonly used incorporate a complexing reagent which will release fluoride from its complexes.
Aluminium is the principal interferent although iron(III) and magnesium(II) nay also be troublesome. There would appear to be considerable disagreement as to which is the most effective decomplexing reagent and the situation is made more confusing through the use of varying concentrations of TISAB-solutions and the adoption of ill-defined abbreviations for solution names. The ability of a TISAB-solution to release fluoride will depend very much on the total composition of the analyte solution and what is best for relatively pure natural waters is not necessarily the best for complex effluent mixtures.
Citrate at appropriate concentration (ref. 10, 44, 46, 47) is one of the most effective TISAB-solutions but where there is considerable supression of the fluoride due to aluminium it is important to ensure sufficient time lapses between addition and potential measurement to allow complexing to take place.
Nicholson and Duff (ref. 47) , who made a comprehensive study of eleven different systems, recommend a minimum of 20 mm although in some cases a delay of 20-24 h is necessary.
They also recommend that TISAB-solutions should be prepared regularly every two weeks. Bagg (ref. 48) proposed the use of potassium salts rather than sodium because the former have less tendency for ion pair formation, but others have not been troubled in this way.
The purity of reagents is another obvious though sometimes neglected factor which will affect the electrode response.
In order to avoid an electrode memory effect it is advisable to arrange the work so that solutions are analysed in order of increasing
concentration (ref. 49) .
To save time the tendency is to insert the fluoride ionsensitive electrode direct into the analyte solution without purification in order to avoid the time consuming distillation procedure.
Matrix effects are therefore extremely important.
Interfering elements, such as aluminium, which form stable compounds with fluoride are the main cause for concern and various procedures other than distillation have been proposed to effect a clean up of the solution before analysis.
Ion exchange is tedious for large numbers of solutions.
The iron and aluminium content of analyte solutions from soil samples was mininised by filtration while slightly alkaline, and extraction of aluminium with oxine has been used by Nicholson and Duff (ref. 50) .
The analysis of very small samples has been facilitated by the development of techniques which require only a few L of analyte solution.
Potentials which develop across a JL sample held between the face of the fluoride electrode and the salt bridge of a reference electrode have been measured (ref. 51) .
In an alternative procedure several L samples of the analyte solution are placed on an inverted fluoride electrode and contacted in turn with a reference microelectrode while being observed under a microscope (ref. 52, 53) .
In most analytical work the potential developed in the analyte solution is compared with that obtained for a series of standard solutions similarly treated with TISAB-solution.
However potentiometric measurements are much more reliable if the matrix of the standard solutions is matched to the analyte solutions.
For example when analysing sea water the standard solutions should be prepared in synthetic seawater (ref. 54 ).
An alternative procedure to overcome matrix effects is standard addition. A single shot standard addition procedure is used with commercially available instruments and van Leuven (ref. In comparison with fluoride ion-sensitive electrode potentiometric methods these photometric reagents are in general more time consuming and not so tolerant to interferences.
However in the absence of serious interferences they tend to be more reproducible except at very low concentrations.
Ion chromatography
In 1975 Small, Stevens and Bauman (ref. 72) used a strong base anion exchange resin absorbed onto a surface sulfonated polymer to effect the separation of anions and followed this with a supressor column of high capacity cation exchange resin to strip sodium ions from the sodium phenate eluent and convert it to a slightly dissociated weak acid of low conductivity.
This enabled a conductivity detector to be used to measure the eluted anions.
The separation and measurement of anions by ion chromatography is now a very rapidly developing field and many variations of the original technique have been described.
Ion chromatography has particular appeal in water analysis because it provides a measurement of a range of anions.
A sodium carbonate/sodium bicarbonate buffer is now widely used as the eluent and fluoride ions are normally eluted first.
However, except where columns are comparatively new, fluoride is unlikely to be separated from organic acids such as acetic and formic acids (ref. One of the problems of ion chromatography is the wide variation in rates of elution for the anions.
A combination of potentiometric and cundoctometric detectors with switching to change the effective column length has been used to overcome this problem (ref. 78 ).
Gjerde, Fritz and Schmuckler (ref. 79, 80) found that it is not necessary to use a suppressor column when using a special anion-exchange resin of low capacity and an eluent of very low conductivity such as dilute aqueous potassium benzoate or potassium hydrogen phthalate, although the sensitivity is not as good as that of the dual column system. Separation of a range of anions including fluoride has been accomplished using organic acids such as succinic and nicotinic acids, the detection limits for fluoride being 26 and 5 pgL1 respectively (ref. 81) . The reduction in the conductivity of potassium hydroxide eluent caused by the presence of eluted anions has been found to be more sensitive for the determination of anions on a single column than was the increase in conductivity when using potassium hydrogen phthalate as eluent (ref. 82 ).
Atomic and molecular spectroscopy Although many anions may be conveniently determined by indirect atomic spectroscopy the published techniques for fluorine show no real advantage over direct methods.
Methods involving the addition of calcium, lead or bismuth salts in excess have been reviewed (ref. 83) .
The calcium method is the most effective but they all require careful technique.
Suppression of the magnesium signal by fluoride is reported by Bond and O'Donnell (ref. 84) to be proportional to the fluoride concentration but signal depression techniques are prone to matrix interferences and this would appear to be no exception.
The molecular absorption of aluminium monofluoride at 227.5 nm as observed in a carbon furnace or nitrous oxide -acetylene flame is a direct method for the determination of fluoride but this method would also suffer from interference.
It has been applied to the determination of fluoride in milk (ref. 85, 86) .
Fluoride is determined as silicon tetrafluoride in a molecular emission cavity analysis procedure (ref. 87 ), but boron and arsenic will interfere.
EQUIPMENT
There is unlikely to be any significant loss of fluoride onto good quality borosilicate glass equipment used to hold solutions for short periods. This would include volumetric equipment used for preparing solutions and measurement cells. However fluoride solutions and reagents such as the TISAB-solution should be stored in high density polythene or polypropylene containers.
CONCLUSIONS
The fluoride ion-sensitive electrode is the preferred method for the determination of fluoride in aqueous solutions and it should be the method of choice for those with little experience in analytical chemistry.
It is easy to operate, relatively rapid and requires little technical skill.
However, although it is easy to make a measurement the conversion of the fluoride in the sample into a form suitable for analysis is a very critical operation.
When dealing with new matrices the analyst should check the results of simple extraction methods with those obtained by a reference procedure, such as distillation, to ensure that matrix effects are minimised.
The rapid methods which avoid distillation of the fluoride depend on very effective complexing of the interfering substances.
The photometric method using the SPADNS reagent is suitable for the determination of fluoride in most potable waters but in general the photometric methods are not so tolerant to interferences as the fluoride ion-sensitive electrode.
The more recently developed methods based on ion chromatography are of particular value where the concentrations of several anions as well as fluoride are required.
